The IncN plasmid pKM101 nuc gene encodes a periplasmically localized endonuclease. DNA sequence analysis indicates that this gene encodes a hydrophilic protein of about 19.5 kDa containing a hydrophobic signal sequence, nuc is homologous to a partially sequenced open reading frame adjacent to the sog gene of the plasmid CollB-P9, a plasmid known to encode an endonuclease similar to that of pKM101. A partially sequenced tra gene directly upstream of nuc is homologous to the virB11 gene of Agrobacterium tumefaciens. We have partially purified the pKM101 nuclease by osmotic shock and cation exchange chromatography, and used this enzyme preparation to sequence the protein's amino terminus. The first 13 amino acids of the mature protein match amino acids 23 to 35 of the predicted sequence, indicating that the protein is proteolytically processed to a molecular mass of approximately 17 kDa, probably during export to the periplasmic space. The enzyme was able to attack many sites along an end labelled duplex DNA substrate, but showed clearly preferred cleavage sites, and may cleave preferentially at purine-rich regions.
INTRODUCTION
Plasmids can affect the processing and metabolism of host nucleic acids in interesting and complex ways. In addition to directing their own vegetative and conjugal DNA replication, plasmids often encode restriction and modification systems, anti-restriction systems, site-specific recombinases, fertility inhibition proteins, and proteins involved in DNA repair (5) . The IncN plasmid pKMlOl provides many good examples. This plasmid contains approximately 15 genes involved in conjugal transfer, entry exclusion, or fertility inhibition (33, 34) . In addition, pKMlOl contains genes whose products strongly inhibit Type I restriction enzymes (3) , and probably contains a site-specific recombinase involved in plasmid stability (unpublished observations). Furthermore, mis plasmid also encodes two genes that decrease the killing effects of a variety of DNA damaging agents, while enhancing their mutagenic effects (30) . The ability of pKMlOl to increase so-called error-prone DNA repair has resulted in its inclusion in the Ames Salmonella typhimurium mutagen detection strains, where it plays a major role in the sensitivity of these strains to mutagenic agents (19) .
pKMlOl also encodes a periplasmically localized, ATPindependent endonuclease which degrades single-stranded and duplex DNA. This enzyme lacks detectable exonuclease activity. It is maximally active in the presence of divalent cations, and uses magnesium, calcium, zinc, or cobalt widi approximately equal efficiency (17) . However, detectable endonuclease activity remains in the presence of EDTA; this provides a convenient assay, as host nuclease activities are not detected under these conditions (35) . The enzyme generates 3'-hydroxyl and 5'-phosphate termini (17) . Similar EDTA-resistant nucleases were detected in strains containing IncH, IncI or IncM plasmids, but were not detected in plasmids from 9 other incompatibility groups (35) . The role of this protein in the biology of these plasmids was not determined.
At least one other site nonspecific endonuclease, bovine pancreatic deoxyribonuclease (DNase I) has been used as a biochemical tool for a variety of biochemical assays (12) . The crystal structure of DNase I and of DNase I-substrate co-crystals has been described (27, 28) . DNase I contacts phosphate residues of both strands of duplex DNA over a 10 bp region. It appears not to make contact with the major groove, but to interact with DNA exclusively in the minor groove. This enzyme may have two active sites (27) , and at least one of these sites may use a proton acceptor-donor chain involving the residues Glu-Hiswater, in a reaction reminiscent of the Asp-His-Ser chain found in serine proteases. According to this model, DNase I removes a proton from water, and the resulting nucleophile attacks phosphorous directly, without any protein-DNA covalent intermediate. Unlike the pKMlOl endonuclease, DNase I does not efficiently attack single-stranded DNA. In an effort to learn more about the pKMlOl endonuclease and its potential as a biochemical tool, we have determined the DNA sequence of the nuc gene, partially purified the protein, and used this preparation for a preliminary examination of die enzyme's substrate specificity by using it to degrade an end-labelled DNA fragment of known sequence.
MATERIALS AND METHODS

DNA isolation, sequencing and analysis
Plasmid DNA was isolated by the method of Birmboim and Doly (4) and further purified using Qiagen columns (Qiagen, Inc). This DNA was prepared for DNA sequencing (24) as follows: 3 jig of DNA was brought to 0.2 M NaOH/0.2mM EDTA in a 20 yX reaction volume for 5 minutes at room temperature. The reactions were supplemented with 8 ^1 of 5 M NH,OAc and 100 /il of 100% EtOH and centrifuged using a tabletop micro centrifuge for 10 minutes. The supernatants were decanted and the pellets were vacuum dried and resuspended in 8 /tl of water. The DNA was determined on both strands using modified T7 polymerase (Sequenase, U.S. Biochemicals) and other reagents supplied by the manufacturer. Synthetic oligonucleotides were synthesized using a P250A DNA synthesizer (Cruachem). Sequences adjacent to a Tn5 insertion were determined using the oligonucleotide 5'-AAACGGGAAAGGTTCCG-3'. Inferred protein sequences were used to search DNA sequence databases using TFASTA (21) running as part of the GCG DNA sequence analysis programs (9) at the Cornell Biovax. BLAST computations (2) were performed at the NCBI using the BLAST network service. The nuc DNA sequence was submitted to the GenBank DNA sequence database (accession number U00688).
Endonuclease purification
The endonuclease was partially purified from an overproducing E.coli strain (35) . A 500 ml broth culture of JC2926(pGW1508) was grown to an O.D.(600) of 0.8 in LB broth plus 100 ng ampicillin per ml, centrifuged at 8,000 r.p.m. in a Sorval GSA rotor, resuspended in 10 ml of 100 mM Tris (pH 8.0), and centrifuged again. Cells were then resuspended in 5 mis of cold 20% sucrose, 30 mM Tris (pH 8.0) (buffer A) and 50 jtl of freshly prepared lysozyme (1 mg/ml) and 100 /il of 50 mM EDTA were added. The cell suspension was incubated on ice for 30 min, at which time spheroplasts and intact cells were removed by centrifugation. 2.0 mis of supernatant were loaded onto a 1.0 ml MonoS FPLC column (Pharmacia) that had been pre-equilibrated with buffer A. Bound proteins were washed with 20 mis of buffer A and eluted with a 20 ml linear gradient from 0 M NaCl to 0.6 M NaCl. 1 ml fractions were collected. 15 /tl aliquots of each fraction were size fractionated by SDS-PAGE using 8 cm long gels (Hoeffer Mighty Small) and stained with Coomassie brilliant blue. 15 jtl aliquots were also size fractionated on similar gels containing duplex calf thymus DNA added to a final concentration of 1 /tg/ml. After electrophoresis, gels containing DNA were washed in 2 changes of 2.5% Triton X-100 (1 hour each) to remove SDS, washed for 1 hour in buffer containing 50 mM NaKPO 4 and 10 mM MgCl 2 , and then incubated overnight at room temperature in a fresh batch of the same buffer. Gels were stained with ethidium bromide added to a final concentration of 1 jtg/ml and photographed over a UV transilluminator. The amino terminal sequence of this protein was determined by the Cornell Oligo/Peptide/Sequencing/Amino Acid Analysis Facility using an Applied Biosystems 470A Gas Phase Protein Sequencer equipped with a 120A PTH analyzer (14) .
Determination of substrate specificity A 226 bp PCR amplification product containing DNA from the Agrobacterium Ti plasmid (13) , was synthesized by using a Hybaid thermocycler according to a published procedure (15) . The oligonucleotides -5'-GCAGGATCCGGAACGCCTCG-ACCTGCCTGAGA-3' and 5'-GCATCTAGAGGCCGAA-GCCCATGAGTTGAGAATA-3' were used to prime DNA synthesis, and a plasmid containing the occQ-occR intergenic region was used as substrate. This PCR product was treated with BamHl and Xbal and ligated to BamHl, Xbal digested pTZ19R DNA, creating plasmid pLW102 (31) . A DNA fragment shown in Figure 8A was isolated by cleavage with BamHl and HincU, end labelled by treatment with modified TI DNA polymerase (Sequenase) and a[ 32 -P]dATP, dGTP, dCTP, and dTTP, size fractionated by electrophoresis, and eluted from the gel by overnight incubation in a buffer containing 10 mM Tris HC1 (pH 7.6), and 50 mM NaCl. This DNA was incubated with approximately 10 ng of endonuclease for 10 min at 30°C in a buffer containing 10 mM Tris-hydrochloride (pH 7.6) and 50 mM MgCl 2 . The samples were then boiled and size fractionated on a denaturing 5% poly aery lamide gel. The same DNA fragment was also subjected to chemical cleavage at G or A residues (10) .
RESULTS
DNA sequence of nuc
Previous genetic data indicated that the pKMlOl nuc gene was localized between traG and fip, that it lay to the left of the Smal-l site, and that it was transcribed from left to right as drawn in Figure 1 . A derivative of pKMlOl containing a Tn5 insertion in nuc was also previously isolated (35) . In order to determine the sequence of nuc DNA adjacent to the Tn, pKMlOl nucl210::Tn5 was digested with Sail and a DNA fragment containing about half of Tn5 (including its neo gene) and about 5 kilobases of pKMlOl DNA ending at the Sall-2 site was cloned into pUCl 18. This plasmid, pRP4013.2 ( Figure 1 ), was subjected to double strand DNA sequencing using an oligonucleotide which hybridizes to the end of Tn5. The resulting nuc sequences allowed us to synthesize additional oligonucleotides and ultimately to 'walk' along the entire gene. The template DNA for these reactions was pRP4014.2 ( Figure 1 ) which contains an intact nuc gene.
We report here the DNA sequence of a 1 kilobase region adjacent to the Smal-l site. This region contains an open reading frame (ORF) of 177 codons expressed from left to right, and encoding a protein having a molecular mass of 19,445 daltons ( Figure 2 ). Confirmation that this ORF encodes nuc is provided below. The proposed initiation codon of this ORF is preceded by a possible ribosome binding site (25) . We do not see any sequences that resemble any known E.coli promoter, suggesting that nuc might be expressed as part of an operon. The nuc ORF was preceded directly by another ORF reading in the same direction. The stop codon of upstream ORF partially overlaps the start codon of nuc, suggesting that their expression may be translationally coupled, and providing further support for a possible operon structure. On the basis of its map position and its homology to other tra genes (see below), we believe that the upstream ORF encodes traG (Figure 1) .
The hydropathy profile of the predicted nuc product is shown in Figure 3 . Its amino terminal 20 residues are highly hydrophobic, reminiscent of signal sequences that direct protein export. Following this region, the protein is fairly hydrophilic and has an extremely hydrophilic carboxyl terminus. The hydrophilic character of the mature protein is in accord with earlier observations that the endonuclease is highly soluble in aqueous buffers. The pKMlOl endonuclease contains 2 histidine residues and numerous acidic residues, which could play a role in catalysis if this enzyme uses a mechanism similar to that of DNase I.
The endonuclease sequence was compared to the translated GenEMBL DNA sequence database (release 76) using TFASTA (21) and using BLAST (2) . A partial ORF upstream of the sog gene of Collb-P9 (26) was highly homologous to the carboxyl terminus of the endonuclease, showing 65 % identity in a 34 amino acid overlap (Figure 4) . The partially sequenced ORF upstream of nuc was also used to search the DNA sequence database. This protein fragment was similar to the VirB 11 protein of Agrobacterium tumefaciens Ti plasmids, showing a 33% identity over 189 amino acids ( Figure 3B and data not shown).
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Purification of the endonuclease
The endonuclease was partially purified from an E. coli strain containing a plasmid in which the nuc gene was fused to a tet promoter (35) . About 75% of cellular endonuclease activity was released from concentrated cells by osmotic shock (20) , and this fraction was purified free of detectable contaminating proteins by cation exchange chromatography as described in the Materials and Methods. A single peak of nuclease activity eluted at approximately 0.5 M NaCl ( Figure 5A ). The amino terminus sequence of this protein was determined by automated Edman degradation. Importantly, the resulting data were interpreted without any knowledge of die predicted amino acid sequence. 19 amino acid residues were analyzed, and of these residues 1 -13 precisely match residues 23-35 of the nuc open reading frame (underlined amino acid residues in Figure 2) , and the 15th residue is identical to residue 37 ( Figure 6 ). This finding provides a definitive confirmation that the predicted nuc gene does in fact encode the enzyme that we had purified. We can also conclude that the primary translation product must be proteolytically processed to form the mature protein, probably by the periplasmic peptidase that removes signal peptides during protein export (22) . The mature protein would therefore contain 155 amino acid residues and have a molecular mass of 17,155 kDa, which is slightly larger than the predicted molecular mass as estimated by SDS-PAGE.
Substrate specificity
The pKMlOl endonuclease was tested for site-specificity by using it to digest a 222 bp end-labelled duplex DNA (Figure 7) . The endonuclease creates detectable cleavage products at approximately half of all residues, although a small number of highly preferred cleavage sites and a larger number of less preferred sites were detected. These sites are shown on Figure 8A , and these sites are aligned in Figure 8B in an effort to identify any common sequence determinants. These cleavage sites do not share any obvious similarity, although the enzyme may show some preference for purines at the first, second, and third bases 5' to the cleavage site, and at the second base 3' to the cleavage site. However, a larger sample of cleavage sites will be required to determine whether this pattern is significant.
DISCUSSION
To begin a molecular analysis of an endonuclease encoded by pKMlOl, we have determined the DNA sequence of the nuc gene, purified the enzyme, and analyzed its substrate specificity. This periplasmic protein is processed from a larger precursor during export across the cytoplasmic membrane. Its mature molecular mass is approximately 17 kDa. Earlier studies showed that the native molecular mass was approximately 70 kDa, suggesting that the protein has a tetrameric quaternary structure. The enzyme attacks many but not all phosphodiester bonds in duplex DNA, and its preferred cleavage sites do not share any obvious sequence beyond a possible purine richness.
The carboxyl terminus of the pKMlOl endonuclease is homologous to a partially sequenced open reading frame upstream of the sog gene of Collb-P9. It is noteworthy that an EDTAresistant endonuclease activity was detected in all tested strains containing IncI plasmids (35) , and that a gene encoding such an enzyme in Collb-P9 was previously localized close to sog (23) . The homology between nuc and this ORF suggests strongly that the Collb-P9 nuc gene lies 94 bp upstream of sog. Both nuc and the C01Ib-P9 ORF lie directly downstream of a cluster of genes required to synthesize conjugal pili (23). It is interesting that IncN, IncI, IncH, and IncM plasmids share EDTA-resistant endonucleases, and in light of the homology described above, it is tempting to speculate that all these enzymes may be homologous. While other plasmids did not direct the synthesis of detectable EDTA-resistant enzymes, data from other groups indicates that at least one IncW plasmid (7) and probably at least one IncP plasmid and one IncFl plasmid encode periplasmic EDTA-sensitive nucleases (11, 36) . The IncW, IncP, and IncFl enzymes are homologous to each other and to a Staphylococcus aureus nuclease (8) . The roles of each of these enzymes in the biology of their respective plasmids remains to be determined. The pKMlOl endonuclease was not required for any tested role, including error-prone DNA repair, conjugation, and entry exclusion. However, the fact that this gene appears to be translationally coupled to an upstream cluster of tra genes suggests that this enzyme might play some ancillary role in conjugation or a related process.
The nuc initiation codon partially overlaps the termination codon of the upstream traG gene. The lack of any intergenic DNA between traG and nuc was surprising for two reasons. First, a Tra + , Nuc + insertion of Mud Ap lac was previously isolated and was thought to lie between these two genes (33) . This insertion most likely fell within the carboxyl terminus of traG, indicating that this part of the protein is dispensable for conjugation. The second reason that the traG-nuc linkage was surprising is that transposon insertions in traG are not polar on nuc (33) . We conclude either that traG contains an internal promoter which expresses nuc, or that traG transcription is not terminated by insertions either of Tn5 or of Mud Ap lac. We have found other examples of pKMlOl tra genes whose sequences suggest that they are part of an operon, but whose transcription is apparently not terminated by transposon insertions in upstream genes (unpublished data).
The observed homology between TraG and VirBll is reminiscent of other studies showing that VirB 11 is homologous to the TrbB(KlbA) protein of plasmid RK2, which, like the pKMlOl TraG protein, is required for conjugal transfer and for sensitivity to male-specific bacteriophage (26, 29) . This finding also provides further weight to the hypothesis that the A. tumefaciens vir regulon evolved from a conjugal transfer system. TraG, TrbA, and VirB 11 are all homologous to a larger family of proteins, including ComG of Bacillus subtilis (1) and PtlG of Bordetella pertussis (32) , each of which appears to act in transporting macromolecules across the bacterial cell envelope. These proteins generally have ATP binding site motifs, and VirBll was shown to bind and hydrolyze ATP (6) . TraG also has an ATP binding site motif (data not shown), and it is therefore tempting to speculate that this protein may provide energy for the conjugal export of DNA. USE 9152210) for contributing to the development of the undergraduate molecular research facilities at Colgate University.
